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ABSTRACT

Cu2ZnGeS 4 can be prepared in both tetragonal stannite and orrhorhombic

a-stannite phases, whereas Cu2ZnGeSe4 only exists in che :atragonal phase.

St.,enlum can be substituted for sulfur up to 100% in the t.criqonal ztructure

of Cu2ZnGeS 4_ySey prepared at 7000C, and up to 75^s in tho orthcrhc:;bic

structure prepared at 900 0C. The temperature at 1hich the phzse

transformation takes places was found to incre'ase itch highe2r seui nlun

concentration. Iron was substituted into both forms oi r.u1Znj.,:Fe:,GS4_y3ey

and the resulting magnetic properties indicated that th ?..F zup..-xchange

interactions are the sane in both structures.

In t roduc t ion

In recent years, ternary chalcopyrites and quaternary 'halcoqunides have

been studied to observe their semiconducting and optical properties. Some of

them are promising for non-linear optics' . Quatcrnary chalcogenides having



the formula Cu(I)B{,II)C(IV)N4. *here iti!) = .: Ii. -'I, %avi been

prepared and characterized previously -'.

These chalcogenides form a large class :4 structurally related

compounds. Their structure is derived from the zinc blende or -,urt:ite cell

with an ordering of the metals on the cation sites. This leads to

superstructures giving either a tetragonal or orthorhombic cell. The

tetragonal stannite structure is derived from the zinc blende by doubling the

lattice parameters in the c direction and has the space group I2m (Fig. 1).

The orthorhombic wurtz-stannite cell is a superstructure of the wurtzite cell

and has the space group Pmn21 (Fig. 2). In both structures, there are two

formula units per cell and each anion X is surrounded by two Cu(I), one B(II)

and one C(IV), and every cation is tetrahearally coordinated by X.

The compound Cu2ZnGeS4 crystallizes in the tecragonal stannite structure

below 8100C and the wurtz-stannite structure above 310Q0C. It 1s clear that

the free energies of formation for these t!:o structures ar: clzse in value.

Schifer and flitsche 4 have indicated that the stannite nd the ,urt:-stannite

structures are equally probable for compounds conta:ning Ge(I7). Hoever, the

compound Cu2ZnGeSe4 crystallizes with the tetragonal stannita ztructure" .

There have been no reports concerning studies of the system Cu ZnGeS 4 _ySey.

It is the purpose of this study to investigate the substitution of sulfur by

selenium in the system Cu2ZnGeS 4 _ySey. Selenium will be substituted for

sulfur in both the low temperature and high temperature, phases in order to

determine the solubility limits in each phase. The temperature at which the

phase transformation occurs will also be studied as a function of selenium

concentration.



The compound Cu2FeGeS4 crystallizes with the tetragonal ztannito

structure at all temperaturesb. In this structure, the magnetic ions are

never nearest-neighbors. Nevertheless, antiferromagnetic Fe-Fe interactions

yield a Weiss constant of -47 Ks . Solid solutions between CuZnGeS1 and

Cu2MnGeS4 were shown to be interesting semimagnetic semiconductors:. It has

been shown previously6 that iron can be substituted for zinc in the tetragonal

phase of Cu2Zn1.xFexGeS 4 (0%xfl). Hlore recently, it has also been observed

that by quenching the samples, iron can be substituted in the high temperature

orthorhombic phase of Cu2Znl~xFexGeS4(OU;O15)4. The magnetic properties of

samples with the composition of Cu2ZnlxFe.GeS4(Ox.$0.l5), crystallizing in

the tetragonal phase (7000C) or the orthorhoubic phase (9000C), were measured

and showed the same Curie and Weiss constants. It would be interesting to

attempt iron substitution into several thioselenides of Cu2Zn_,Fe::3eS4 .ySey

where both the tetragonal and orthorhombic phases can b., ob'ained as single

phase materials. The magnetic properties would then be studicd and compared

to the ma7netic properties of cQ2Znl.Fe.PeS 4.

E:<periment al

Polycrystalline samples of Cu2nl:4eSiyZ . : , ). 13,

0.20), (0y14), were prepared by combining stoichionetric orht , , :he

elements. Prior to use, copper Oiatthey 99.999%) and *r.n (L.g:o ?9999%)

were reduced in an 85% Ar/15% 112 atmosphere. Germanaum t¢ nnco 7-s's,

40 fl-cm) and zinc (Gallard and Schlesinger 99.999M) were used ifter size

reduction, while sulfur (Gallard and Schlesinger 99.-99) was subl.:vd before

using. To each gram of chargc, 5 mg iodine was added (sublimed, D,!pwatcr

Chemical Co., Ltd., ACS reagent 99.9%).

The stoichiometric :eights of the elements were introduc d into a silica

tube which was evacuated to 5 x lO-5torr. The tube was then seald ind



enclosed in a tightly wound Kanthal coil to even out rmperature Iradients.

The tube was then placed in a furnace and heated to 600 0C it the .ate of

30/hr. The temperature was then raised to 6500C for 24 hrs and then 7000C

for 72 hrs. The tube was then removed from the furnace and vas opened and the

product was ground under a nitrogen atmosphere. The sample uas then placed in

another silica tube, evacuated, sealed and placed back in the furnace for an

additional 24 brs at 7000C. Since selenides are knoun to be toxic, it is

advisable to use disposable gloves for these preparations.

Quenching Experisents

"A portion of the tetragonal phase obtained at 7000C was placed in a

silica tube, evacuated, sealed and then suspended by nichrome wire in a

vertical furnace. The sample was heated to 900 0C and after 4 hrs the wire

was cut and the tube quenched into ice water.

Phase Transformation Experiments

A portion of the tetragonal phase zbtained at 7000C L jach o. the

three samples Cu2ZnGeS 4 _,Sey (y = 0, 2.0, 3.0) -:as ;Iicd n .%ncher siia

tube and heated in the same furnace at aach of :he following temperatures for

24 hrs: 780, 790, 800, 820, 340, 375, and 900 0C. each oif th sampias ras then

quenched immediately into ice water.

X-ray Analysis

Powder diffraction patterns of packed slides of these samples ",ere

obtained with a Philips diffractometer using high intensity -uKx radiation

(X = 1.5405 A). For qualitative phase identification, patterns ucre tak.n

with a scan rate of 10 29/min, while cell parameters were detormined from

scans taken at 0.250 20/min. Diffraction patterns were obtained over the

range 120 20 720 and lattice parameters were determined by a least squares



refinement of the data using a computer prograa ihich -orrctad tor the

systematic errors in the measurement.

Magnetic heasurements

Magnetic measurements were made using the Faraday balance previously

described', which utilizes platinum as a standard. Magnetic susceptibilities

were obtained as a function of temperature from 77 to 300 K in a field

strength of 10.4 kOe. At both 77 and 300 K the field dependence from 6.22 to

10.4 kOe was also determined. The data were corrected for core diamagnetism

using the value for Cu2ZnGeS4 (1.305 x 10-
4 emu/mol) previously reported").

Results and Discussion

The compound Cu2ZnGeS 4 crystallizes with the tetragonal stannite

structure below 8100C and transforms to the orthorhombic iurt:-stannite

structure above this temperature (Fig. 1). The selenium end ,ember Cu2ZnGeSe4

crystallizes with the tetragonal stannite structure. in the present study,

samples of Cu2ZnGeS4.ySey uith Oys4 have been prcparcd both 1 006'C ind

9000C. At 700 0C a pure tetragonal stannite structuro "ias zbtained *,hen

selenium was substituted for sulfur in Cu2ZnGeS4_ySey for O~yh4. There is an

increase in the cell parameters as the larger selenium icn is zubstituted for

the sulfur ion (Table 1). The increase in the cell 'oluime obeys Vegards' Law

as is illustrated in Fig. 2. Therefore, in the low tem.peratura t tragonal

phase, there is complete solid solution in Cu2ZnG3 4 -.yS.Sy. 'Ahen these samples

were heated to 900 0C and quenched into ice water, a pure orthorhonbic ;turt:-

stannite structure was obtained for Oy:3. By z-ray analysis, a multi-phase

region consisting of both the tetragonal and orthorhombic phases is found

between 3<y.3.5, but for samples with 3.5<y ,|.O there is no sign of the

orthorhombic phase. Higher temperatures could not be used because above 9000C

these samples begin to decompose. Hence, it has been shown that Cu.ZnGeSe 4



remains tetragonal at temperatures up to the decomposition point. The :all

parameters for the high temperature orthorhombic phase are shown in Table 2,

while a Vegards' Law plot for the orthorhombic phase is shown in Fig. 3.

There is a linear increase in the cell volume from y = 0 to y 2 3 in

Cu2ZnGeS4.ySOY. Above y a 3, the cell volume no longer increases which is

consistent with the two-phase region identified by x-ray analysis. Therefore,

a maximum of 75 atomic percent selenium can be substituted for sulfur in

Cu2ZnGeS4.ySey while still obtaining pure materials both below and above the

transition temperature.

The phase transformation temperature from the low temperature stannite

structure to the high temperature wurtz-stannite structure of Cu2 ZnGeS 4.ySey

(y a 0, 2.0, 3.0) was also investigated. It has been reported previously'

that the phase transformation temperature of Cu2ZnGeS4 was 810oC. in the

present study, samples of Cu2ZnGeS 4 _ySey (y = 0, 2.0, 3.0) were heated at the

temperatures listed in Table 3 for 24 hrs and were then quenched immediately

into ice water in order to stabili:e the high temperature phase. The pure end

member Cu2ZnGeS 4 crystallizes with the tetragonal stannize structure at 7CO0 C,

and as shown in Table 3, at 790 0C the phase transition to the *:rthorhombic

phase is complete. This transition temperature of 790 0C is slightly iouvr

than reported by Ottenburgs'. Nhen half the 3ulfur is r4placd by selenium

(Cu2ZnGeS 2Se2) the transition temperature is appro::imately ( 0:C (Table 31

which is 300C higher than the transition tampcrature in Cu- ZnGcS;. hen there

is a higher concentration of selenium present as in Cu2ZnGtSS%3, :hl

transition temperature is raised further to 9000C. Finally, the selenium nd

member Cu2ZnGeSe 4 shows no phase transformation and crystallizes ilth the

tetragonal stannite structure at all temperatures. Thus, as the clenium

concentration in Cu2ZnGeS 4 _ySey increases, the low temperature% tctragonal

phase is stabilized with respect to the high temperature orthorhombic phase.



This can be seen in Fig. 4 which shows thr,e ::-ray patt,=rn;; :.':=nGeS|.y Oy

(y = 0, 2.0, 3.0) all heated to 00 C for 24 hrs. For y = , :nIly the high

temperature orthorhombic phase is present: for y = 2.0, there is a mixture of

tetragonal and orthorhombic phases; and finally for y = 3.0, only the low

temperature tetragonal phase exists.

In previous studies6'', iron was substituted for zinc in

Cu2ZnlxFexGeS4. The compound Cu2FeGeS 4 crystallizes with the tatragonal

stannite structure at all temperatures. It has been shown previously' that

there was complete solid solution of CujZn_,xFe.GeS4 (0xsl) in the low

temperature tetragonal phase. In the high temperature orthorhombic phase of

Cu2ZnlxFexGeS4 , single phase materials with x = 0.05, 0.10, 0.15 were nade by

quenching the samples into ice water from %OOOCO. The magnet:c properties of

samples where x = 0.05, 0.10, 0.15 in both the tetragonai and tae orthorhombic

phases with the same composition were measured and iound co be jimilar in the

two phases'.

It was reported by Schifer and 11itsche-1 that -h% ¢c..poun:. Z'" "

crystallizes with the tetragonal structure. in th1 present stuiy, -ran 'as

substituted for zinc in the system CuZnl_.:F . .=.!5, .10),

(y a 2, 2.5, 3.0, 4.0). These compounds have a .iuch iarder c3.! volume than

Cu2ZnGeS 4 due to the anion substitution (Tables 1,2). The. results ,f the iron

substitution are that samples with x = 0.15 can be atabll:ed in the high

temperature orthorhombic phase of CujZnGeS2Se, by quunching into 1c, ";atr

from 900 0C. By x-ray analysis, it is observed that a small amount .f the

tetragonal phase is also present in the x = 0.20 sample of CuZnj_,Fe:.GeS2 Se2.

Therefore, 15 atomic percent Fe could be stabilized in both the tetragonal and

the orthorhombic phases of Cu9Zn.S 5Feo.1 5GeS4_ySey (y = 0, 2.0). qhen the

selenium concentration is higher (y = 2.5, 3.0, 4.0), single phase material



where x = 0.15 could only be obtained in the low tezperatuire ?tr-tgonal ;base.

Since the end members Cu2FeGeS 4 and Cu2FeGeSe4 both crstalli:c "ith the

tetragonal cell at all temperatures, substituting iron and selenium into

Cu2ZnGeS4 will stabilize the low temperature stannite phase .ith respect to

the high temperature wurtz-stannite phase.

Magnetic susceptibility measurements were done on

Cu2Znl.xFexGeS2Se2 (x a 0.15) both in the tetragonal and the orthorhombic

phases. Field independent behavior was observed, which indicated that there

were no ferromagnetic phases present. The paramagnetic susceptibilities are

shown in Fig. 5 and obey the Curie-Weiss law. The observed Curie constants,

Fe(II) magnetic moments, and Weiss constants are given in Table 4 along uith

the magnetic data for both the tetragonal and orthorhombic phases of

Cu2Zn.85Fe. 15GeS 4 and Cu2Zn. 85Fe. 15GeS 2Se2. The results indicate that the

magnetic interactions of iron in both the tetragonal and orthorhombic phases

of Cu2Zni.xFexGeS 2Se2 (x = 0.15) are essentially equivalent. The results are

similar to those observed for the system Cu2ZnlxFe.GeS4 (x = 0.15). The

Weiss constants are small and negative in both systems for 0.15 indicating

that weak net antiferromagnetic interactions predominate.

Conclusions

The pure end member Cu2ZnGeS4 crystallizes in the tetragonal 3tannite

structure below 790 0C, and the orthorhombic iturtz-stannite structure above

790 0C. The selenium end member crystallizes with the tctragonal stannit'

structure at all temperatures. Selenium can be substituted for culfur up to

100% in the tetragonal structure of Cu2ZnGeS 4_ySy prepared at 7000C ald 'ip to

75% in the orthorhombic structure prepared at 900°C. The temperature at which

the phase transformation takes place was found to increase with hiaher

selenium concentration. Iron was substituted into both the low and high



temperature form f , .

measuremems indicate no igni icant .sariation .n -v r *: 'le :Onstants

obtained from the tetragonal or orthorhombic samp!bs, thich inpliv-s equality

of the Fe-Fe supertxchange interactions in both structures.
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Table I

Cell Constants for Tetragonal Cu^ZnGeS,. Se..

Prepared at 700C.

y cell volume a(A) c()

0.00 300.1 5.342(2.) 05(5

0.25 302.5 5.357(2)

0.50 304.9 5.373(2) 10.541(5.

2.00 323.5 5.479(2) io.776(5

3.00 335.2 5.341t1) 5)

3.35 338.9 5.563(2)

3.50 341.3 5.573(Z) .)

3.75 344.3 5.592(2)

4.00 347.7 5.610(2)



Table 2

Cell Constants for Orthorhombic CuTZnGeS.-VSe..

Quenched from 9006C

Cell

y volune a(A) b(A) cM(A

0.00 301.2 7.509(2) 6.479(2) 6.192(2)

0.50 306.0 7.549(2) 6.514(2) 6.22(2)

0.75 308.6 7.572(2) 6.532(2)

1.00 312.3 7.604(2) 6.553(2) .. '3 Z)

2.00 323.7 7.6,?4(2) 6.i33t2)

2.50 328.9 7.737(2) .. 373(')

3.00 335.7 7.794(2) V.7!7(. .



Table 3

Phases Adopted by CuZnGeS4.ySey at Various ?Tempratures

oC Cu2ZnGeS 4  Cu2ZnG&SSe, CuZnGeSSe3

700 tetragonal tetragonal :€tttgonal

780 tetragonal + tetragonal + tetagonal

small &at. orth. trace orth.

790 orthorhombic nixed ztc231

800 orthorhombic nized

820 orthorhombic orthorho.b-bic

840 orthorhombic orthorhio.ic

875 orthorhombic -rthorho. bic

900 orthorhombic orthcrhonoic



Table 4

Mlagnetic Data for CujZna3 5Fe01j5GeS4 -ySey

Itagnatic

curie Moment Veiss

Coposition Phase constant ("B~) constant

Cu2Z85F 015 eS4  tet (7000C) 3.3 5.! 20Z

Cu2Z,85F 0,15 eS4  orth (9000C) 3.21

Cu2Zu.S5F. 1 5GaS2Sej tet (700 0C) .

Cu2Zn.8 5Fe0.15GeS2Se2 orth (9000C) 3.1



Figure Captions

Fig. 1. The two possible structures of Cu2B(II)C(IV)X4.

Fig. 2. Vegards' Law for tetraqonal Cu2ZnGeS4 ySe 7 .

Fig. 3. Vegards' Law for orthorhombic Cu2ZnGtS 4 -ySe..

Fig. 4. X-ray patterns for members of the Cu'ZnGeS4.yS* 7
prepared at 7900C.

Fig. 5. Magnetic susceptibility as a function of tomperature
for both phases of CujZn. 3 5F*. 5 GeSSe,.
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